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An ongoing research program initiated in 1983 by Carino and Sansalone 
has been aimed at developing the theoretical basis and practical applica-
tions for a new nondestructive technique for detecting flaws in reinforced 
concrete structures. The technique, known as impact-echo, is well docu-
mented [1-6] and only a brief overview of the principle of the method, 
signal processing techniques., and instrumentation is presented. This paper 
highlights the results of a recent investigation into the feasibility of 
using the impact-echo technique to detect voids in plates containing thin 
layers of materials having different acoustic impedances. 
The detection of voids in layered systems is an important class of NDT 
problems in civil engineering structures. Finite element studies have been 
performed to determine the impact response of concrete plates containing 
metal or plastic thin layers and voids. The numerical studies provide an 
understanding of the propagation of stress waves in these layered systems 
and aid in the planning and interpretation of experimental work. A few key 
results from these analyses will be presented. Subsequently, experimental 
results from a study of one type of civil structure containing thin layers 
(post-tensioned concrete structures) will be discussed. In post-tensioned 
structures, high-strength steel tendons are passed through thin metal or 
plastic ducts embedded in the concrete. After the concrete has gained 
sufficient strength, these tendons are tensioned and anchored, and the 
ducts are filled with mortar grout for protection of the tendons. A major 
problem in post-tensioned structures is the presence of voids in the grout 
which can lead to corrosion and eventual breaking of the tendons. Current-
ly, gamma radiography can be used to detect these voids, but the technique 
is expensive, slow, and requires extensive safety precautions. An inexpen-
sive and rapid technique is needed for detecting voids in grouted ducts. 
The feasibility of using the impact-echo method for this application is 
discussed. 
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IMPACT-ECHO METHOD 
Principle 
In impact-echo testing, a transient stress pulse is introduced into a 
test object by mechanical impact at a point on the surface . The stress 
pulse propagates into the object along spherical wavefronts as P- and S-
waves which are reflected by internal cracks and voids and the boundaries 
of the object. If a displacement transducer is placed close to the impact 
point, the recorded waveform will be dominated by the displacements caused 
by arrival of the reflected P-wave [1] . 
Signal Analysis 
Recorded displacement waveforms are analyzed in the frequency domain 
[1,2] to determine the depth of the reflecting interface (void or boundary). 
The principle of frequency analysis is illustrated in Fig . 1 which shows an 
impact-echo test on a solid plate of thickness T. The P-wave generated by 
the impact is multiply reflected between the top and bottom surfaces of the 
plate setting up a transient resonance condition. Each time the P-wave 
arrives at the top surface it produces a characteristic downward displace-
ment as shown in Fig . 1(b) which is the theoretical waveform computed for 
an infinite plate [2]. In this figure, the arrows labelled 2P, 4P, etc. 
indicate the arrival times of the P-wave at the receiver as the wave under-
goes multiple reflections between the top and bottom plate boundaries . The 
waveform is periodic, and for a point close to the impact point, the round-
trip travel path is approximately equal to twice the thickness of the 
plate, and the period is equal to the travel path (2D) divided by the P-
wave speed (C). Since frequency is the inverse of the period, the dominant 
frequency, f, in the P-wave displacement pattern is: 
f = _c_ 
2D (1) 
The frequency content of a digitally recorded waveform is obtained using the 
fast Fourier transform (FFT) technique. Figure 1(c) shows the amplitude 
spectrum obtained from the FFT of the waveform shown in Fig . 1(b) . As ex-
pected, there is a single large amplitude peak at the frequency correspond-
ing to multiple reflections of the P-wave between the top and bottom plate 
surfaces. The frequency value of this peak, which is referred to as the 
thickness frequency, and the P-wave speed in the plate can be used to 
calculate the thickness of the plate (or the depth of a reflecting inter-
face). From Eq. (1), the depth is: 
D 
(a) 
Fig. 1. 
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Principle of frequency analysis: a) test condition; b) displace-
ment waveform; and c) amplitude spectrum. 
In using the impact-echo method to determine the locations of flaws within 
an object, tests are performed at regularly spaced points along scan lines 
marked on the surface. A technique called "spectral peak plotting" is used 
to aid in processing spectra [5]. In spectral peak plotting, each peak in 
an amplitude spectrum above a specified threshold value is identified and 
converted to a depth using Eq. 2. By using this technique the amplitude 
spectra along a scan line can be processed automatically, and a cross-
sectional view of the test object along the scan line can be generated on a 
computer screen. 
Instrumentation 
An impact-echo test system is composed of three components: an impact 
source; a rece1v1ng transducer; and a waveform analyzer with a sampling fre-
quency of at least 500 kHz. Currently there is no commercially available 
test system, but a system can be assembled from off-the-shelf components. 
The selection of the impact source is a critical aspect of an impact-
echo system. The contact time of the impact depends primarily on the 
geometry and mass of the impactor and on the surface condition of the test 
object [1]. The contact time determines the frequency content of the 
stress pulse. Impacts with shorter contact times contain the higher fre-
quency components that are needed for testing thin objects and detecting 
small flaws. Small diameter (4-12 mm) steel ball bearings and spring-
loaded, spherically-tipped impactors have been used successfully as impact 
sources for testing concrete structures less than 1-m thick. For these 
impactors, contact times ranging from about 20 to 80 microseconds can be 
produced. 
The receiver which has proven to be successful for this type of testing 
is a conically-tipped, broadband, displacement transducer, originally 
developed at the National Bureau of Standards (now the National Institute 
of Standards and Technology) as a secondary reference standard for calibrat-
ing acoustic emission transducers [7]. A thin lead strip is used to provide 
acoustic coupling between the transducer and the test surface. Because the 
lead is malleable, it conforms to surface irregularities and provides for 
good contact between the concrete and the piezoelectric tip of the trans-
ducer. 
FINITE ELEMENT STUDIES OF PLATES WITH THIN LAYERS AND VOIDS 
The finite element method was used to study how transient waves propa-
gate in layered solids and how they interact with voids. The effects of 
variations in the parameters important in impact-echo testing were evaluated 
using axisymmetric finite element models·subjected to point impact. Con-
clusions were drawn about the effects of thickness of the layers, duration 
of impact, void size and depth, and specimen geometry on waveforms and 
spectra. The following discussion presents a few results from a comprehen-
sive study of layered plates containing voids [8]. 
Thin Metal Layer 
If a thin solid layer of much greater acoustic impedance (product of 
density and wave speed) is between solids of like acoustic impedances and 
the wavelengths in the propagating wave are much longer than twice the 
thickness of the layer, the thin layer does not interfere with stress-wave 
transmission [9]. For the case of a steel layer in a concrete plate, the 
acoustic impedance of steel is about six times greater than that of con-
crete. Impacts with contact times of about 30 microseconds produce stress 
pulses in which most of the energy is contained in frequencies having 
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wavelengths greater than about 0.08 m [2]. Steel layers ranging from 0.005 
m to 0.04 min thickness were analyzed [8]. For the cases involving the 
thinnest layers, only a very small amplitude P-wave arrival from the layer 
could be identified in the waveforms, and there was no peak in the amplitude 
spectra at the frequency corresponding to the depth of the layer. (Note 
that the frequency value of this peak is calculated using Eq. (1) and 
dividing by two to take into account the fact that the reflected waves do 
not change sign at a concrete/steel interface [6].) Hence a void beneath a 
thin steel layer could be detected, because nearly 100% reflection occurs 
at a solid/air interface. These reflections produced displacements which 
were easy to identify in the waveform and there was a dominant large ampli-
tude peak in the corresponding spectra. 
Thin Plastic Layer 
When the thin layer has a lower acoustic impedance, the relative 
amplitude of the reflected waves depends on the difference in acoustic 
impedances between the layer and the solid and the thickness of the layer. 
Figures 2 and 3 show waveforms and spectra obtained at a point near the 
impact point for the cases of a 0.005-m and a 0.01-m thick plastic layer, 
respectively, located 0.1 m deep in a 0.3-m thick concrete plate. In both 
examples, the contact time of the impact was 30 microseconds. The arrival 
times of the P-wave, as it undergoes multiple reflections between the top 
plate surface and the plastic layer are indicated on the waveforms. Using 
Eq. (2), the expected frequency of these reflections is 20kHz. The fre-
quency of multiple P-wave reflections from the bottom surface of the plate 
is 6.61 kHz. In Fig. 2 and Fig. 3, there are peaks in each spectrum at 6.5 
kHz and 21.4 kHz. The other high amplitude peaks correspond to the frequen-
cies of various natural modes of vibration of the plate [3]. In the wave-
form obtained from the plate containing the thinner layer (Fig. 2(b)), the 
amplitude of the displacements caused by the arrival of the P-wave are much 
lower than those obtained from the plate containing the thicker layer (Fig. 
3(a)). In the corresponding spectra, the frequency peak at 21.4 kHz becomes 
more dominant as the layer thickness increases (compare Figs. 2(c) and 
3(b)). 
Because of the larger amplitude reflections which occur from the 
plastic layer (reflection coefficient of about 40%), detecting a void 
beneath the layer can be expected to be more difficult than in the case of 
a thin metal layer. However, the presence of an air void dramatically 
alters the surface displacement response and disrupts the various resonances 
set up within a solid plate. Figure 4 shows an example in which a 0.18-m 
diameter air void is beneath a 0.005-m thick plastic layer. Arrival times 
of the P-wave from the void are labeled in the waveform in Fig. 4(a). The 
expected frequency corresponding to the depth of the void is 18.6 kHz. In 
the spectrum in Fig. 4(b), there is a distinct peak at 18.6 kHz. Notice 
that this peak is shifted slightly below that obtained in the case of the 
plastic layer in Figs. 2 and 3 because of the slightly greater depth of the 
void. Notice also that the thickness frequency of the plate (6.5 kHz) is 
absent. Rather there is a large amplitude peak at 4.7 kHz which is believed 
to be related to two phenomena. First, a portion of the pulse diffracts 
around the void and reflects from the bottom plate surface, which gives 
rise to a longer travel path and lower frequency. Second, the portion of 
the plate above the void undergoes flexural vibration at a lower frequency 
than the thickness frequency of the solid plate. Thus the presence of the 
void results in a distinct peak at the frequency corresponding to the depth 
of the void and causes a shift in the solid-plate thickness frequency. 
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Impact response of a plate containing a 0.005 m thick plastic 
layer: a) model; b) waveform; and c ) spectrum. 
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CONCRETE SPECIMENS WITH GROUTED DUCTS CONTAINING VOIDS 
Metal Ducts 
To determine experimentally the feasibility of using the impact-echo 
method to detect voids in grouted metal tendon ducts, a 0.5-m thick concrete 
slab was cast with an embedded thin galvanized sheet metal duct. The duct 
was filled with mortar grout along half its length and was ungrouted along 
its remaining length. The duct was 0.1 m in diameter and 1.5 m long and was 
located 0.15 m below the top surface of the plate. 
Figures 5 (a) and (b) show spectra obtained for tests over grouted and 
ungrouted sections of the duct, respectively. The impact source was a 7-mm 
diameter steel ball (25 microseconds contact time). The impact point and 
the receiving transducer were located 0.05 m apart, and both were positioned 
over the centerline of the duct. The sampling frequency was 500 kHz, and 
1024 points were recorded in the waveform. In Fig. 5(a), the peak ampli-
tude occurs at a frequency of 3.91 kHz, which is the thickness frequency of 
the solid plate. Thus this peak corresponds to a P-wave which propagates 
through the grouted duct and is reflected from the bottom surface of the 
plate. Except for the low frequency peak at about 1 kHz, which is as-
sociated with resonance of the transducer, there are no other dominant 
high-amplitude peaks present in the spectrum. The band of secondary peaks 
from 0 to 25kHz is caused by the frequencies contained in the R-wave [2]. 
The shorter the impact duration, the broader is this band of frequencies. 
In Fig. 5(b) there are two dominant peaks. The highest amplitude peak 
occurs at a frequency of 3.42 kHz; this peak is associated with a P-wave 
which propagates around the hollow duct as it undergoes reflection between 
the top and bottom plate surfaces. The second peak occurs at a frequency 
of 14.6 kHz. The P-wave speed in the concrete was determined to be 4100 
m/s from an impact-echo test over a solid portion of the 0.5-m thick plate. 
Using Eq. (2), this peak corresponds to a depth of 0.14 m, which is close 
to the depth of the hollow duct. 
These results show it is possible to distinguish a hollow metal duct 
from a fully grouted duct. The hollow duct is essentially a cylindrical 
air void that produces high-amplitude reflections, while the grouted duct 
cannot be detected because the thin metal interface is transparent to the 
propagating waves. Subsequently, a more detailed study of detecting small 
air and water-filled voids in metal post-tensioning ducts in a thick rein-
forced concrete wall was carried out by the authors as part of a project 
sponsored by the Canadian government. The results of this study showed 
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Spectra from a metal duct embedded in a 0.5-m thick concrete 
specimen: a) grouted; and b) hollow. 
that impact-echo is a promising technique for detecting voids in grouted 
metal ducts [10]. 
Plastic Ducts 
To determine experimentally the feasibility of using the impact-echo 
method to detect voids in plastic ducts, a 0.4-m thick concrete specimen was 
cast with embedded PVC ducts. The ducts were 0.1 m in diameter with a wall 
thickness of 6.3 mm, and they were located 0.18 m below the top surface. 
Post-tensioning tendons were placed in one of the ducts and then the duct 
was grouted. Voids in the duct were simulated by placing thin 0.20 m long 
strips of Styrofoam among the steel tendons in one section of the duct. A 
0.5-m long portion of the duct was not grouted. 
Figures 6 (a) and (b) show spectra obtained over the grouted and 
ungrouted sections of the duct, respectively. The contact times of the 
impacts (steel ball) were approximately 40 microseconds. The conditions of 
the test were the same as for the tests over the metal duct. From an 
impact-echo test over a solid portion of the plate, the P-wave thickness 
frequency for the 0.40-m thick specimen was 4.39 kHz. Thus the P-wave speed 
was 3500 m/s. 
In Fig. 6(a), the peak amplitude occurs at a frequency of 3.91 kHz. 
This is the frequency of P-wave reflections between the top and bottom 
surfaces of the plate. However, this peak is somewhat less than the thick-
ness frequency of the specimen, because the wave propagates through the 
grouted plastic duct and the wave speed in the grout is slower than in the 
concrete. Therefore, the round-trip travel time is increased and the 
corresponding frequency is reduced. There are no other dominant high-
amplitude peaks in the spectrum. In Fig. 6(b) there are three dominant 
peaks. The highest amplitude peak occurs at a frequency of 8.79 kHz; from 
Eq. (2), this peak corresponds to a depth of 0.20 m, the approximate depth 
of the hollow duct. The low frequency peak at 3.42 kHz is produced by the 
portion of the wave which diffracts around the hollow duct as it is reflec-
ted between the top and bottom plate surfaces. The third peak occurs at a 
frequency of 15.1 kHz; this corresponds to a depth of 0.115 m, which is the 
distance between the bottom of the duct and the bottom surface of the 
plate. It is believed that a portion of the wave is multiply reflected 
between these two interfaces. Each time the wave is incident upon the 
bottom of the duct, a portion diffracts around the duct and arrives at the 
top surface. Thus the surface response contains a periodicity corresponding 
to this lower depth. These results show that it is possible to locate 
voids in grouted plastic ducts. 
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SUMMARY 
A technique called impact-echo has been developed for nondestructive 
testing of concrete structures. Numerical and experimental work continues 
as new applications for the technique are investigated. This paper has 
summarized the results of finite element studies of the impact response of 
plates containing thin layers of acoustically dissimilar materials and 
voids. Experimental results obtained from concrete specimens containing 
grouted tendon ducts were also discussed. It has been shown that it is 
feasible to detect voids in the grout placed within metal or plastic tendon 
ducts. These results add to the growing evidence that the impact-echo 
method will become a reliable and versatile method for condition assessment 
of civil structures. 
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